induced degeneration of olfactory dopaminergic cells and opposed the higher reactive phenotype. Neither neurodegeneration nor behavioral abnormalities were detected in paraquat-treated mice with suppressed α-syn expression. By increasing calpain activity, paraquat induced a pathological cascade leading to inhibition of autophagy clearance and accumulation of calpain-cleaved truncated and insoluble α-syn, recapitulating biochemical and structural changes in human PD. Thus our results underscore the primary role of proteolytic failure in aggregation pathology. In addition, we provide novel evidence that olfactory dopaminergic neurons display an increased vulnerability toward neurotoxins in dependence to presence of human α-syn, possibly mediating an olfactory-striatal dopaminergic network dysfunction in mouse models and early PD.
Introduction
Parkinson's disease (PD) is characterized by progressive locomotor impairments, linked to loss of dopaminergic neurons in the nigrostriatal system. Prior to the onset of motor symptoms the majority of PD patients develop neuropsychiatric symptoms such as reduced stress tolerance, anxiety, olfactory deficits and depression [38, 39, 55, 65] .
Particular relevance was attributed to the olfactory bulb (OB), being the first brain region to contain alpha-synuclein (α-syn)-positive aggregates [4] together with the presence of smell deficits in ~90 % of PD patients [25] . The olfactory epithelium is the first relay station for odor perception and conveyed to higher brain structures, such as the piriform and entorhinal cortex. Olfactory processing relies on the interaction of mitral cells with inhibitory dopaminergic (DAergic) periglomerular and granule cells, which are located in the glomerular layer (gl). Structural and Abstract The olfactory bulb (OB) is one of the first brain regions in Parkinson's disease (PD) to contain alpha-synuclein (α-syn) inclusions, possibly associated with nonmotor symptoms. Mechanisms underlying olfactory synucleinopathy, its contribution to progressive aggregation pathology and nigrostriatal dopaminergic loss observed at later stages, remain unclear. A second hit, such as environmental toxins, is suggestive for α-syn aggregation in olfactory neurons, potentially triggering disease progression. To address the possible pathogenic role of olfactory α-syn accumulation in early PD, we exposed mice with site-specific and inducible overexpression of familial PD-linked mutant α-syn in OB neurons to a low dose of the herbicide paraquat. Here, we found that olfactory α-syn per se elicited structural and behavioral abnormalities, characteristic of an early time point in models with widespread α-syn expression, including hyperactivity and increased striatal dopaminergic marker. Suppression of α-syn reversed the dopaminergic phenotype. In contrast, paraquat treatment synergistically imaging studies show atrophy of neurons [5, 35, 74] and α-syn inclusions in granule, mitral and periglomerular cells in OB of PD patients [84] . However, the contribution of olfactory periglomerular DAergic cells in PD is not yet clear, since numerous studies observed a negative role of α-syn on dopamine synthesis and release [13, 43, 68, 75, 108] , but olfactory DAergic cell numbers might be increased [36, 66] . α-Syn-positive lewy bodies and lewy neurites, the hallmark of PD, are seen primarily in the OB and the dorsal motor nucleus in early PD [4] . These lesions may share prion-like characteristics by recruiting their endogenously expressed counterparts [95] and gradually propagate through the brainstem toward the midbrain; whereas, olfactory α-syn pathology only slowly evolves into related areas and does not advance to non-olfactory brain regions [4] .
The accumulation of α-syn oligomers, rather than fibrils, has been proposed as key event for nigral DAergic cell vulnerability [17] and is possibly caused by either (1) its interaction with dopamine (DA) [10, 16, 73] ; (2) single point mutations such as the A30P mutation [15] , or (3) proteolytic cleavage leading to C-terminally truncation [26, 48, 62] . Several pan-neuronal α-syn transgenic animal models develop early symptoms that may precede nigral DAergic cell loss, including smell deficiency [29, 45, 70] , and hyperactivity [43, 44, 81, 106] . The higher activity towards mild stress was associated with an increase of striatal DAergic marker, eventually normalized and lost at old age [43, 44, 81, 106] . In our previous study, we observed that mice with site-specific α-syn expression in OB neurons develop a similar phenotype and neurochemical changes [71] , implying that olfactory circuits may play a role in regulation of the nigrostriatal DAergic tone. epidemiological studies suggest exposure to environmental toxins as contributing factor to PD pathogenesis that may enter the brain via the olfactory neuroepithelium, laying out the concept of the olfactory vector hypothesis [24, 78] . Paraquat, is widely used herbicide and has been suggested as a risk factor for PD [23] . It was shown that paraquat increases α-syn aggregation pathology [28, 53] as a result of impaired protein clearance pathways [101] . Dysfunction of autophagy is a common pathogenic pathway in α-synucleinopathies [18, 50] . However, the sequence of events leading to impaired autophagy and accumulation of neurotoxic α-syn species remain to be elucidated.
Since the OB is likely to be entrance for environmental toxins and given its involvement in early PD, we generated conditional transgenic mice with site-specific expression in olfactory neurons. These mice exhibit hyperactivity, and a dysregulation of olfactory and midbrain DAergic circuits in absence of olfactory DAergic cell-death [71] . A similar phenotype was described in young transgenic mice with widespread expression of α-syn [43, 44, 81, 106] . With these conditional transgenic mice we tested whether an additional exposure to paraquat would increase the vulnerability of olfactory DAergic neurons and to further unravel a potential interplay between the olfactory and striatal DAergic circuit. Here, we describe a series of biochemical, structural, cell biological and human brain studies, that together implicate a synergistic effect of human α-syn and paraquat on activation of calpain that led to adverse protein clearance and thus accumulation of calpain-cleaved C-terminally truncated, insoluble and oligomeric α-syn, culminating in olfactory DAergic cell-death. Finally, suppression of the transgene expression reversed paraquat-induced olfactory pathology and dramatically improved olfactory and nigrostriatal DA dysregulation and associated neurobehavioral changes.
Materials and methods

Animals and treatment
Mice with doxycycline (dox, D)-responsive overexpression of human mutant A30P α-syn under conditional control of the prion protein promoter (PrP_A30P; in the present study designated as A30P) were created and previously described [71] . Transgenic A30P (n = 13) and dox-treated A30P (n = 13) aged 12 months at the beginning of the experiment were used (see also Fig. 1d ). One mouse of each group died during test period and was excluded from the entire study. Of each group, randomized n = 6 animals were injected intraperitoneally with either saline or paraquat (5 mg/kg; Sigma) twice a week for 6 weeks. Animals were anesthetized, decapitated, brains were sagitally split upon removal and half of the brain either immediately frozen or fixed. All animals were handled in strict accordance with good animal practice and all procedures were completed under the specifications set forth by the UCSD Institutional Animal Care and Use Committee.
Behavioral tests
Briefly, as previously described [90] , total activity of 12-month-old animals (A30P, n = 12; non-transgenic controls (Ntg), n = 9; A30P+D, n = 12) was performed at the beginning and the end of the paraquat experiment and calculated as total beam breaks in a 10-min period. Thigmotaxis was calculated as the ratio of time spent in the periphery:center and is expressed as % of total time.
Sequential extraction and Western blot analyses
Sequential extraction and immunoblotting was performed as previously described [70] . For methods see Supplemental Methods. Fig. 1 Hyperactivity is reversed by paraquat treatment in A30P mice with site-specific expression in the OB. a, b A30P α-synucleinopathy led to olfactory DA deficiency in absence of DAergic cell-death, elevated midbrain DA levels and an associated higher reactive phenotype in A30P mice [71] . Neurochemical changes and phenotype appear to be related to young age in several other mice with widespread α-syn expression [43, 44, 81] and may associate with higher reactivity to mild stress in early PD. exposure to paraquat potentially exacerbates α-syn-induced toxicity in olfactory DAergic neurons and if leading to changes in phenotype and striatal DAergic tone, further supporting a potential regulative role of OB in the striatal DAergic activity. c representative images of sagittal brain sections of A30P mice stained with anti-human α-syn antibody. Predominant expression was observed in the gl. Dox-treated mice show strong suppression of immunoreactivity. d experimental design. The A30P+D and A30P+D+P received 2 mg/ml doxycycline (dox, D) during all the experimental period to suppress A30P expression. After 4 weeks, mice were randomized into two treatment groups receiving either paraquat (P) or saline. groups were behaviorally tested prior (OF1) and after P treatment (OF2). e Horizontal and vertical (rearing) open field activity was recorded over 10 min. A30P mice are hyperactive compared to controls without expression (A30P+D and non-transgenic controls; Ntg). Horizontal activity and rearing was strongly reduced after paraquat treatment and when compared to dox-treated mice (A30P+P+D). Mice did not display differences in anxiety, as thigmotaxis (expressed in percent of time) was unchanged among groups. The data are mean ± SeM. *p < 0.05, **p < 0.01 A30P vs. A30P+D or A30P+P vs. A30P+D+P. § § § p < 0.001 A30P+P vs. A30P. Scale bar in overviews: 3 mm, left panel 60 μm
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Calpain digestion Calpain digestion of recombinant α-syn was performed as previously described [26] . Briefly, 15 μg of recombinant α-syn was incubated with calpain I (2 U) in buffer containing 40 mM HePeS and 1 mM calcium at 37 °C. In order to demonstrate fragment specificity to calpain cleavage, 4 mM of calpeptin was added to calpain buffer and coincubated for 60 min. To stop proteolysis samples were frozen at −20 °C for 10 min and subsequently used for Western blot analysis.
For detection of calpain-resistant α-syn, free-floating sections were incubated in calpain activation solution (20 mM tris/HCl pH 7.8, 3.6 mM CaCl 2 , 100 mM KCl 2 ), containing 150 μg/ml calpain I (208712, Calbiochem) for 16 h at 37 °C.
Immunohistochemistry and cell culture
For methods of immunohistochemistry and cell culture see Supplemental Methods.
electron microscopy and immunogold analysis For ultrastructural analyses, coronal vibratome sections of the main OB (40-μm thickness) were prepared and postfixed with 2 % of glutaraldehyde/0.1 % osmium tetroxide in 0.1 M sodium cacodylate buffer, embedded in epoxy and analyzed with a Zeiss eM 10 electron microscope as described [58] . For immunogold labeling, sections were mounted in nickel grids, etched and incubated with 105 antibody followed by labeling with 10 nm Aurion Immunogold particles (1:50, electron Microscopy Sciences, Fort Washington, PA) with silver enhancement. Autophagosomes were characterized by containment of partially degraded cytoplasmic components and double membranes and counted of 50 cell profiles per group.
Cell counting
The number of TH-positive cells was estimated with systematic random sampling of about every third section to yield 6-8 sections to encompass the full rostral-caudal extent of the olfactory bulb (OB) and the substantia nigra (SN). The respective region was outlined using a 4× objective attached to an Olympus BX51 microscope. TH-positive neurons of were estimated using 8.21.1 Stereo-Investigator Software (MicroBrightField, Biosciences) as previously described [70] . Briefly, total cell numbers were estimated according to the optical fractionator method according to West et al. [100] . region definitions were based on the Paxinos and Watson mouse brain atlas and sections were analyzed using a 100 × 1.3 Plan Apo oil immersion objective.
A guard height of 5 μm was used for sampling brick depth of around 20 μm. Counts were taken at predetermined intervals (x = 150, y = 150) and with a counting frame of 86 × 86 μm (=7.396 μm 2 ). For assessment of TH and gFAP immunoreactivity levels in striatum of mice, sections were digitized to grayscale pictures and analyzed for optical densities using ImageQuant 1.43 software (NIH). Data were corrected for tissue background staining by subtracting optical density values from fiber tracts within identical sections and presented as corrected optical density. All analyses were performed on a blinded basis.
Human samples
Striatum and olfactory bulbs of PD human brain samples (Suppl. 
Production of lentiviral (lV) constructs
Vector plasmids were constructed for the production of third generation lV vectors that expressed wild-type human α-syn (lV-α-syn) or the empty plasmid backbone as a control. The human CMV promoter was used to drive expression of the transgenes. lentiviral vectors were generated by transient transfection with the vector and packaging plasmids in 293T cells as described previously [88] .
Statistical analyses
Statistical analyses were conducted with graphPadPrism version 6.0. Differences between means were analyzed by two-tailed t test and one-way ANOVA with post hoc tests as appropriate; p < 0.05 was considered significant.
Results
Hyperactivity caused by expression of mutant A30P in OB neurons is reversed by paraquat treatment Treatment with paraquat was shown to induce dosedependent neurotoxicity [6] and accumulation of α-syn in nigrostriatal brain regions of mice overexpressing wild-type α-syn [28, 53] ; however, its impact on olfactory DAergic neurons is unknown. We used conditional transgenic mice presenting site-specific and doxycycline-responsive expression of familial PD-linked A30P α-syn in OB neurons, with its strongest expression in olfactory glomerular layer (gl) [71] . In our previous study, overexpression of α-syn reduced olfactory DA levels in absence of olfactory DAergic cell but increased midbrain DA, functionally associating with higher reactivity to novelty stress and aversive odor stimuli in our mice (Fig. 1a) . This hyperactive phenotype is also commonly observed at an early time point in different α-syn transgenic mouse lines [30, 34, 43, 44, 81, 92, 106] . Additionally, increased striatal TH and locomotor response is observed in olfactory bulbectomized animal models of depression, possibly owing to direct connections between the striatum and areas of the limbic system, including the olfactory bulb and amygdala [80] . The amygdala is essential for perception and valence of stress [49] and thus may be implicated in the hyperdopaminergic transmission ( Fig. 1a) either by direct stimulation of DAerig neurons [79] or indirectly by increasing steroid release through its projections to the hypothalamus, thereby upregulating TH synthesis and potentially DA production by a complex network interaction ( Fig. 1a ; see also discussion, [52, 54, 72] ).
We therefore asked, whether a subtoxic paraquat dose would elicit olfactory DAergic cell-death and alternate the behavioral phenotype towards novelty stress in our conditional mice (Fig. 1b) . Doxycycline (dox) treatment suppressed transgene expression in the respective neuronal layers without affecting the phenotype of non-transgenic control (Ntg) mice (Fig. 1c) , [71] . We therefore used doxtreated A30P mice (A30P+D) as stringent controls allowing a direct relation of the observed changes to the expression of the human mutant α-syn. Mice were subsequently treated with either i.p. paraquat (A30P+P, A30P+D+P) or saline (A30P, A30P+D) (for schematic treatment paradigm, see Fig. 1d ). We analyzed mice in the open field to test for differences in behavioral motivation and locomotor activity. First, mice were tested prior paraquat treatment to confirm the previously observed phenotype (OF1, Fig. 1e ). At 12 months of age untreated A30P mice were clearly hyperactive (90 % increase when compared to Ntg controls, set as a baseline) and to respective dox-treated controls (A30P+D) (Fig. 1e) . Similarly, rearing activity was increased, when compared to Ntg and A30P+D mice (Fig. 1e ). After treatment with paraquat for 6 weeks ( Fig. 1b ) animals were re-tested in the open field (OF2). Planned comparisons to study the paraquat effect in A30P transgenic mice (A30P+P) showed a dramatic reduction of horizontal and rearing activity (approx. −120 %, p < 0.001) when compared to untreated A30P mice and doxtreated controls (p = 0.01; Fig. 1e ). rearing showed a mild, however, non-significant reduction compared to A30P+D (p = 0.07), probably owing to repeated testing. Thus our data imply that paraquat treatment opposed the higher active phenotype of A30P mice. We did not observe differences in thigmotaxis, expressed as the ratio center:periphery activity, suggesting that the score of locomotor performance was not influenced by differences in anxiety among groups.
Paraquat treatment reverses the increase in nigral-striatal TH immunoreactivity caused by expression of mutant A30P in the OB and leads to OB TH-cell loss Increased striatal DAergic markers were reported to cause higher activity to mild stress (novelty, footshock) in animal models of neuropsychiatric disorders, such as bulbectomized rats as model of depression [57] , but also in mice with widespread expression of human α-syn [30, 34, 43, 44, 81, 92, 106] . To estimate whether alterations in tyrosine hydroxylase (TH) immunoreactivity associate with the phenotype, DAergic cell counts in the olfactory gl and substantia nigra (SN) were performed on transgenic and control animals with and without paraquat treatment using stereological estimations of TH-positive neurons. Additionally, density of TH-positive nerve fibers in the striatum was estimated (Fig. 2e, f) . A significant loss of TH neurons was observed in the outer gl in OB sections of A30P+P mice (Fig. 2a, b ). This was associated by an increase in astrogliosis (Fig. S1a, b) . Olfactory TH was not significantly reduced in untreated A30P+P (Fig. 2a, b) , which was in accordance to our previous observation [71] . We did not observe significant TH-cell loss in paraquat-treated controls (A30P+D+P), suggesting that expression of human α-syn selectively increases vulnerability of gl DAergic neurons towards the used low-paraquat dose.
Although A30P mice had no expression in nigrostriatal neurons, they had significantly increased TH-positive neurons (40 %; Fig. 2c, d ) and TH-positive fibers (140 %; Fig. 2e , f) than A30P+D controls. In contrast, TH levels were lower in A30P+P mice (Fig. 2c-f) . However, paraquat treatment did not lead to significant differences in TH immunoreactivity compared to respective controls (A30P+D, A30P+D+P), suggesting that TH reduction is not related to cell-death. Taken together, the altered levels of TH in OB and nigrostriatal system strongly suggest that changes observed in both brain regions are directly related to olfactory A30P expression, despite its topographically restricted expression in OB neurons, and are opposed by paraquat treatment.
α-Syn insolubility and C-terminal truncation in paraquat-treated A30P mice and in PD Structural alterations in gl TH-cell numbers of A30P+P mice could result from α-syn-induced aggregation pathology, which correlates well with accumulation of fulllength and C-terminally truncated (CT) α-syn [11, 46, 48, 70] . To address this question, we next estimated levels of soluble and insoluble α-syn in OB and striatum of A30P+P mice, utilizing antibodies against full-length and truncated human (105 antibody; [31] and total α-syn (syn-1 antibody; [76] . As expected, human α-syn as well as increased levels of total α-syn was detected in OB only (Fig. 3a, b) , confirming histological data showing site-specific human α-syn in A30P mice (Fig. 1a) . A30P+P mice showed an increase in full-length and truncated α-syn species (Fig. 3c,  d ). Mouse brains were also subjected to sequential extractions to evaluate presence of insoluble α-syn aggregates as previously published [70, 82, 89] . After urea extraction, a strong accumulation of 14-kDa full-length α-syn and also to a lesser extent the 12-kDa CT α-syn was detected by immunoblotting in A30P+P mice compared to either paraquat or dox-treated controls (Fig. 3e) . Insoluble α-syn was neither detected within the striatum (Fig. 3e) nor the nigral brain region (Fig. S2a) . To assess the oligomeric state of α-syn without a potential breakdown of its assemblies by detergents, protein extracts were subjected to native gel electrophoresis. A30P and A30P+P mice revealed nondenaturated ~60 to 70 kDa α-syn as the main species in the buffer-soluble fraction (Fig. 3f) . relatively strong α-syn signals were also found at a higher molecular level in Fig. 2 Paraquat-induced degeneration of olfactory DAergic neurons reverses abnormalities in nigrostriatal TH immunoreactivity in A30P mice. a, b The stereologically estimated total number of DAergic neurons (detected by TH immunohistochemistry) showed olfactory TH-cell loss in paraquat-treated tg mice (A30P+P) when compared to respective controls (A30P+D). c, d reduction of the increased TH immunoreactivity of TH-cell counts and e, f striatal fibers was observed by paraquat treatment in tg mice when compared to untreated A30P mice. No effect of paraquat was detected in nonexpressing controls (A30P+D; A30P+D+P). For visual clarity, images were converted into greyscale. The data are expressed as mean ± SeM. *p < 0.05 vs. A30P+D; § p < 0.05; § § p < 0.01 vs. A30P. Scale bar 25 μm in a and c, 15 μm in e A30P+P mice, in addition to lower migrating signals with a size distribution pattern between 35 and 60 kDa; however, the latter were also detected at around equal levels in doxtreated controls suggesting an unspecific cross-reactivity of the 105 antibody (Fig. 3f) . Since complex protein conformations may display a higher electrophoretic mobility compared to unbound structures in native gels [86] , we performed calpain digestion of recombinant α-syn to analyze Fig. 3 Biochemical characterization of α-syn pattern reveals paraquat-dependent increase in oligomeric and CT α-syn. a, b Immunoblots from western blot analysis of OB and striatal extracts from non-transgenic (WT), A30P and paraquat-treated A30P+P and doxtreated control (A30P+D+P, A30P+D) mice. Antibodies that either recognized full-length (Fl) and C-terminal truncated (CT) human α-syn (105) or total (murine and human) α-syn (syn-1) showed that human α-syn was only present in OB tissue. c Quantification of immunoblots showed that A30P+P mice present an increase of TBSsoluble Fl α-syn and d CT α-syn. A series of ultracentrifugation and extraction steps were used to obtain urea-insoluble fractions of Fl α-syn and CT α-syn. A faint CT α-syn signal in urea extracts was solely present in A30P+P mice. e WT and dox-treated (A30P+D+P, A30P+D) control mice only showed minor levels of urea-insoluble α-syn. In contrast, quantification of urea-fractions of A30P+P mice revealed strong increase of insoluble α-syn when compared to untreated A30P mice. f Native PAge. α-Syn at ~60 to 70 kDa and higher molecular species accumulate in A30P+P mice. Bands below the main species may present truncated α-syn or cross-reaction of 105 antibody. g Left SDS-PAge/Western blot (antibody syn-1) analysis of recombinant α-syn digested with calpain-1 for 0, 10, 30 and 60 min, and with recombinant α-syn incubated with calpain-1 and calpeptin, an inhibitor (I). Right same samples were subjected to native PAge/ Western blot (antibody syn-1) showing main ~55 to 60 kDa monomeric α-syn (Fl-Syn) and below calpain-1 cleaved α-syn fragments (CT-Syn). Immunoblots are highlighted by separating boxes for clarity of display. The data are expressed as mean ± SeM. **p < 0.01, ***p < 0.001 vs. WT; § migration pattern of truncated and full-length α-syn. Under these conditions the full-length, monomeric α-syn migrated at ~60 kDa. Additional signals consisting of numerous calpain-specific fragments migrated below the monomeric form at around 10-40 kDa (Fig. 3g) . These signals were not seen when recombinant α-syn was incubated with calpain-1 in the presence of calpeptin, an inhibitor (I, Fig. 3g ). Although native gel techniques are not quantitative, it suggests that higher oligomeric α-syn forms appear to be more represented in OB of A30P+P mice. Together, these data suggest that paraquat treatment increased truncation and assembly of human α-syn selectively in OB neurons. Sequential extraction of human brains with lB pathology revealed accumulation of insoluble full-length and CT α-syn species [1, 46, 70, 82, 89] that may promote aggregation pathology by recruiting soluble α-syn into aggregates [48, 62] ; however, less is known about pattern of α-syn in human OB. To determine whether this insolubility pattern, as also observed in A30P+P mice, consistently applies for OB in PD and DlB, we compared soluble and insoluble α-syn levels in human striatal and the OB tissues (see also Table S1 ). Immunoblots were probed with the antibody 105, which displays a high preference to CT α-syn, when compared with immunosignals gained from the syn1 antibody, recognizing an epitope at aa 91-96, thereby harboring specificity to the same targetantigen (Fig. S2b) , [31] .
In the soluble fraction, full-length and truncated α-syn was readily detected in both tissues (Fig. 4a, d ) and comigrated with calpain-cleaved recombinant α-syn (Fig. 4d ). Significant accumulation of full-length soluble α-syn was only detected in striatal tissues of PD and DlB patients when compared to control brain (Fig. 4b, d ) and may relate to its accumulation at striatal synapses; whereas, soluble CT α-syn accumulated in both tissues analyzed. The α-syn in PD and DlB patients was highly insoluble in the OB and striatum when compared with that in control brains (Fig. 4a, d ). In addition to the accumulation of full-length insoluble α-syn, a similar strong accumulation of CT α-syn was observed in the OB of PD patients (Fig. 4a, c) compared to the striatum of PD and DlB patients (Fig. 4d, f) . Thus, α-syn insolubility pattern in OB of PD shares hallmark features detected in striatal PD and DlB tissues allowing us to suggest that its presence correlates with pathologic aggregates.
Paraquat-related increase of calpain-resistant α-syn in A30P mice Accumulation of CT α-syn could result from elevated proteolytic cleavage by enzymes, such as calpain [26, 62] , or from nonspecific breakdown due to detergents used in the SDS-PAge. Since A30P+P mice displayed an increased amount of CT α-syn, co-migrating with calpain-cleaved recombinant α-syn, we hypothesized that an additional calpain treatment would accentuate its immunodominance. For this, we incubated sections of A30P+P mice and controls in presence of calpain. Postmortem olfactory brain sections from a human control and a PD patient were included to compare immunoreactivity in human disease condition and the animal model. The presence of calpain-resistant fragments was then analyzed with an antibody with high preference against CT α-syn (105 antibody [31] ) and compared with the 15g7 antibody, exhibiting decreased C-terminal affinity [11, 70] . The 15g7 antibody recognizes a broader epitope ranging from aa 116-131. Therefore, calpain digestion at aa 122 not only cleaves the α-syn molecule, but also disrupts the antibody epitope (schemes in Fig. 2b, d) . In A30P and A30P+P mice, significant reduction of immunoreactivity was observed in the gl of the OB when calpain-treated sections were stained with the 15g7 antibody compared to sections without treatment (Fig. 5a, b) . In contrast, A30P+P had significantly higher levels of α-syn immunoreactivity after calpain treatment when compared to A30P mice (Fig. 5c, d) . A similar pattern was detected in human olfactory sections, displaying a selective calpain-resistant 105 immunoreactivity in the PD patient. This α-syn pattern strongly suggests accumulation of calpain-cleaved α-syn in A30P+P mice and olfactory PD tissue as opposed to simple breakdown artifacts in the SDS-PAge.
Formation of CT α-syn depends on calpain activity
We have previously demonstrated that accumulation of CT α-syn is associated with neuropathological alterations in transgenic animal brains and possibly generated by elevated proteolytic cleavage via calpain [31, 70] . In order to provide additional experimental evidence in support of calpain implicated in the detected OB synucleinopathy, we measured protein expression levels of calpain and calpastatin. Calpastatin is a selective inhibitor and substrate of calpain, and its formation into complexes is indicative for increased calpain activity [22, 86] . When compared to A30P+D mice, A30P and paraquat-treated mice showed increased expression levels of calpain (Fig. 6a) but not a decrease in calpastatin (data not shown); however, expression levels may not directly correlate with enzymatic activity. We therefore utilized native PAge, enabling the detection of free and calpain-associated complex calpastatin (CAST) formations by its shift in electrophoretic mobility. CAST complex formations are thought to correlate with calpain activation [86] . The calculated ratio between free CAST and complex CAST revealed an increase in presence of the complex formation in A30P+P mice compared to A30P mice and Ntg controls (Fig. 6c, d) , thus further suggesting calpain activation implicated in the formation of CT α-syn. We next defined, whether exposure to various amounts of paraquat concentrations, correlated with calpain-induced accumulation of CT α-syn. We used SH-SY5Y neuroblastoma cells as an in vitro model of PD DAergic neurons. The cells were first exposed to increasing concentrations of paraquat (0-300 μM) for 72 h to evaluate cytotoxicity by measurement of lDH activity in the cell culture medium, showing that paraquat induced cell death at 300 μM (Fig. 6e) . Additional treatment with calpeptin, an inhibitor of calpain, increased viability at 150 and 300 μM after 48 h of exposure. However, inhibition of calpain was not sufficient to reduce the strong cytotoxic effect at a dosage of 300 μM at 72 h; indicating a dose-and time-dependent response. We therefore used non-toxic concentrations ≤150 μM to further investigate the effects on calpain activity and α-syn pattern. We identified that 150 μM of paraquat led to a significant increase in calpain activity (Fig. 6e) and that co-treatment of cells with calpeptin blocked the observed effect (Fig. 6f) . Moreover, exposure to increasing concentrations of paraquat led to increased levels of endogenous full-length and CT α-syn. This pattern was substantiated when cells were additionally treated with lentivirus-overexpressing human α-syn, which was used as a positive control (Fig. 6g) . Analysis of calpain and CT α-syn formation showed a significant correlation dependent on the paraquat concentration (Fig. 6h) , further indicating impact of calpain cleavage in truncation of α-syn in OB of A30P+P mice.
Paraquat-induced calpain activation impairs autophagic pathways
Calpain regulates basal activity of autophagy via degradation of ATg12-ATg5 conjugate, required for proper formation of autophagosomal membranes [105] . We therefore analyzed, whether paraquat-induced elevation of calpain activity impaired autophagy, thereby contributing to the detected high α-syn levels via reduced clearance of aggregated α-syn. electron microscopical images of the OB from A30P+P mice demonstrated an abnormal accumulation of autophagosomes (Fig. 7a) . This accumulation may reflect either an increased formation of autophagosomes or reduction of lysosomal degradation. To differentiate between these two possibilities, we additionally performed double-labeling immunofluorescence and Western blot analyses of autophagolysosome marker in OB and striatum of A30P+P mice and respective controls. A30P+P mice displayed a relatively strong accumulation of α-syn with lC3 in OB periglomerular cells (Fig. 7b ). On biochemical level, paraquat treatment substantially increased free ATg12, lC3-II and lamp2A (Fig. 7c, d ). lC3-II and lamp2A are constituents of the autolysosome membrane and eventually degraded by lysosomal hydrolases [19, 37] . Thus, the detected increased levels further suggest reduced autolysosomal clearance. Thus, it appears that impaired autophagic clearance mechanisms lead to higher α-syn levels in OB neurons of A30P+P mice.
Ultrastructural analysis of the effects of paraquat in OB periglomerular cells in A30P mice
In the light of the effects of paraquat on TH neuronal cell numbers along with increased activation of calpain and inhibition of autophagy in the olfactory bulb, we further analyzed the ultrastructure of periglomerular cell profiles of A30P+P mice. Following paraquat treatment, ultrastructural analysis revealed accumulation of autophagic vacuoles and multivesicular bodies, which may further be indicative for impaired autophagy pathways (Fig. 8a-c) . Other forms of pathological changes in dendritic terminals included the evidence of mitochondrial condensation and damage (Fig. 8e,  f) , whereas this morphological alteration was not observed in dox-treated controls (Fig. 8d) . Occasionally, synaptic and cytoplasmic mitochondria showed drastic morphological alterations, appearing swollen, with condensed inner and outer membranes and disrupted cristae (Fig. 8e, f) . Immunogold electron microscopy was used to define the subcellular localization of human 105 α-syn, displaying preference for CT α-syn [31] . Immunolabeled α-syn was detected accumulating at dendritic terminals and often translocalized within damaged mitochondria, showing either subtle or strong signs of dark degeneration in A30P+P mice (Fig. 8g-i ).
Discussion
It is not known whether olfactory α-syn pathology may contribute to the development of widespread α-syn aggregation and progressive degeneration of the DAergic nigrostriatal system in PD brains and whether a selective vulnerability of olfactory neurons initiates the disease process. To address these questions, we studied transgenic mice with spatially restricted overexpression of mutant A30P primarily in OB neurons exposed to a low dose of the herbicide paraquat. Here we show, that selective death of OB DAergic neurons responsible for a stress-related hyperactive phenotype can result from a combination of multiple hits resulting from the elevated activity of calpain that adversely affects protein clearance mechanisms, inducing the accumulation of full-length insoluble and calpain-cleaved CT α-syn and its conversion into oligomeric structures. The pathological activation of calpain may originate from a paraquat-induced oxidative stress response, leading to lipid peroxidation and elevation of Ca 2+ levels [20, 33] (Fig. 9 ). We also found that the degeneration of OB DAergic neurons opposed the higher striatal DAergic tone and higher reactive phenotype. These findings support a new model of progressive α-synucleinopathy, based on the functional interplay between the olfactory and striatal DAergic circuits, that may render striatal synapses vulnerable to DAinduced α-syn oligomerization in early PD. Therefore, low doses of paraquat may first mediate α-syn accumulation in OB neurons, triggering upregulation of striatal TH and a consecutive DA-induced striatal synaptic deficit that may further contribute to the progressive phenotype (Fig. 9) .
Potential involvement of an olfactory-striatal interplay in early PD
In PD the OB is one of the first brain regions to contain α-syn aggregates [4] and a strong correlation of olfactory synucleinopathy with advanced stages in lB disease [84] favor the hypothesis, that olfactory synucleinopathy may contribute to disease progression. Additionally, the OB can serve as a suitable entry point for environmental toxins, such as paraquat or rotenone, contributing to PD pathogenesis. environmental toxins possibly enter the brain via olfactory sensory neurons that converge onto postsynaptic targets within specialized structures, so-called glomeruli (gl). The gl are distributed as a layer and encircled by periglomerular DAergic neurons near the olfactory surface. The gl has reciprocal connections to the mitral cell layer and mediates a lateral inhibition on mitral cell activity [77] . A higher activation of mitral cells was hypothesized to influence the capacity to discriminate between odors, being impaired at a low DAergic tone [3, 102] . Consistently, DA and TH reduction via olfactory deprivation was related to higher activation of mitral cells [103] , which is in turn associated with an increased alertness in rodents [12] . Our previous and present results confirmed a relationship between a physiological reduction of olfactory DAergic marker with increased reactivity of mice towards novelty stress, caused by site-specific overexpression of α-syn [ (Fig. 1) , [71] ]. Although olfactory TH-positive cell numbers in PD are still a matter of debate [36, 40, 84] , these cells may reflect a compensatory response to striatal DA dysfunction [2, 104] . We previously demonstrated that overexpression of human mutant α-syn reduced DA level and TH immunoreactivity [71] . Additionally, its constant high expression levels due to its overexpression via an artificial promoter may hinder a compensatory genesis of new DAergic olfactory neurons [56, 59] . This is in line with previous studies, suggesting an inverse correlation of α-syn overexpression on DAergic function [14, 68, 75, 99] . Here, we found that in untreated A30P mice, striatal and nigral TH immunoreactivity was increased (Fig. 2) , suggesting a relationship between the hyperactive phenotype and increased TH expression levels. Consistently, several transgenic mice with widespread α-syn expression display a higher reactive phenotype and an associated increase of striatal DAergic marker at early ages, which is eventually normalized and opposed at old age [43, 44, 81, 106] . The similarities in striatal DAergic tone suggest two possibilities. First, the elevated DA level emerges in relation to the overexpression of α-syn. However, in particular its normalization in absence of cellular pathology albeit permanent transgenic overexpression in mid-aged mice argues against a possible physiological role of human α-syn. Second, higher DA levels may be caused indirectly by α-syn-induced pathology in other brain regions, suggesting that the striatal DAergic tone may be part of a broader network regulation. In support of this hypothesis, elevated DA levels and higher reactivity to novelty stress are also present in animals with olfactory bulbectomy [57] . Indeed, glucocorticoids, the primary humoral effector of the physiological response to stress, can upregulate TH synthesis and thereby potentially also regulate DA production [52, 54, 72] . In addition, perinatal exposure of glucocorticoids increased the DAergic cell numbers [60] and responsiveness of the adult hypothalamo-pituitary-adrenal (HPA) axis [98] .
It has long been suggested that DA itself might be the culprit of PD, by inciting striatal α-syn oligomerization that may disrupt membrane integrity [10, 16, 73, 94] . Therefore, olfactory α-synucleinopathy could contribute to deficits in the striatal DA function in early PD without α-syn spreading from the olfactory bulb into the nigrostriatal system (see also Fig. 9 ), which however deserves future studies.
Treatment with a low dose of paraquat did not alter TH immunoreactivity in animals without transgenic expression in the present study, supporting the need for α-syn overexpression as an additional stressor of DAergic cell-death (Fig. 2) ; this is consistent with previous data showing that α-syn and exposure to paraquat can synergistically lead to DAergic degeneration [27, 28, 69] . Additionally, TH immunoreactivity and hyperactivity was reduced in dependence of the paraquat-induced olfactory cell-death in A30P mice, thus further indicating a potential regulative role of the OB in the higher reactive phenotype.
Dependence of neurotoxicity on CT α-syn
Mutations in the α-syn gene have been identified to cause familial PD; in particular, triplication of the SNCA locus [85] was correlated with an early-onset and a rapid progressive DAergic phenotype [83] , suggesting a toxic gain-of-function related to high protein levels. Consistently, α-syn-deficient mice display reduced susceptibility to environmental neurotoxins [21] . A common finding of paraquat treatment in vivo and in vitro is its ability to increase α-syn level and fibrillization in DAergic neurons [28, 53, 93] . recently, Wills and colleagues (2011) demonstrated that paraquat-induced accumulation of α-syn was accompanied with its decreased degradation via proteasomal and autophagic pathways. The increase in insoluble α-syn probably reflects altered protein clearance mechanisms, which is in accord to our and other previous studies, that α-syn fibrils are preferentially degraded via autophagy [11, 97] . Interestingly, calpain, a calcium-dependent cysteine protease involved in PD [64] and other neurodegenerative diseases [96] is activated by a series of neurotoxins, including paraquat [107] . Calpain regulates basal autophagy by cleavage of the ATg12-ATg5 conjugate [105] . This conjugate is of particular interest, owing to its participation in protein quality control after exposure to oxidative stress in cellular models [51] and its role in incorporation of α-syn into the autophagosome [97] . We show that a subtoxic dose of paraquat readily induces calpain activity Fig. 9 Schematic representation of the proposed hypothetical cascade for DAergic vulnerability in PD. given that environmental toxins, such as paraquat, interfere with calcium homeostasis via mitochondrial damage, the resulting increase in calpain activity may lead to an inhibition of autophagy and increased generation of CT α-syn, "seeding" α-syn co-assembly. In nigrostriatal DAergic neurons, an early increase of TH and associated DA production, which is triggered by OB α-synucleinopathy, may incite α-syn oligomerization at synaptic membranes. Additional accumulation of CT α-syn may further promote its assembly, culminating in synaptic dysfunction and cell loss in olfactory DAergic neurons, which was associated with an increase of free ATg12, accumulation of autophagosomal membrane proteins and autophagosomal structures. Consistently, autophagic vacuoles, mitochondrial autophagy and damage were observed at olfactory dendritic terminals in A30P+P mice. Therefore, paraquat toxicity, which is known to induce lipid peroxidation of mitochondrial membranes [9] , is potentially mediated via defective autophagy/mitophagy in A30P+P mice. Notably, paraquat toxicity is neither mediated via the DA transporter nor does it inhibit mitochondrial complex I [9] , thus the selective vulnerability of DAergic mitochondria towards paraquat toxicity [87] is not clear. However, recent studies suggest localization of α-syn to mitochondria under normal and stress conditions, inhibiting complex I [8, 61, 62] . Therefore, it may be speculated that mitochondrial α-syn as detected in olfactory nerve terminals (Fig. 8) aggravates mitochondrial dysfunction and therefore dopaminergic cytotoxicity.
Additionally, α-syn is a substrate of calpain 1 and its proteolytic cleavage alters α-syn fibrillogenesis: whereas, calpain fragments of soluble α-syn did not increase fibrillization, cleavage of fibrillized α-syn resulted in generation of ~10 to 12 kDa CT α-syn fragments, inducing co-assembly of soluble full-length α-syn [62] . We demonstrated a significant accumulation of CT α-syn by biochemistry and immunostaining in paraquat-treated A30P mice, using the 105 antibody with high preference to CT α-syn [31] . The CT α-syn fragment was shown to co-migrate with calpain 1 cleaved recombinant α-syn peptide in our present (Fig. 4,  Fig. S2 ) and previous studies [31, 70] , thus adding further evidence for a pathophysiological role of calpain 1 in PD [32, 41] . Its accumulation is in accord with the detected accumulation in the OB and the striatum of PD patients (Fig. 4) . In addition, calpain-specific and therefore resistant α-syn structures accumulated in calpain 1-pretreated tissue sections of A30P+P mice and PD patients. Importantly, the increased immunoreactivity was detected using the 105 antibody, but not with the 15g7 α-syn antibody; the latter is known for its decreased binding capacity towards CT α-syn [7, 11, 70] . Taken together, this strongly suggests accumulation of calpain 1-cleaved α-syn in A30P+P mice as opposed to breakdown artifacts in the SDS-PAge. Indeed, owing to the presence of CT α-syn in lB [1, 26] and its capacity to aggravate aggregation pathology in vitro [46] and in vivo [91] it is widely believed that CT of α-syn plays a central role in α-syn aggregation pathology.
Using native gels, we detected an increase in higher oligomeric forms in paraquat-treated A30P mice (Fig. 3) . Notably, recombinant α-syn fragments generated by calpain 1-cleavage, thus, likely disrupting secondary and tertiary structures, migrated at a relative higher molecular mass in native gels, arguing against folded multimers. Interestingly, Chinta and co-workers (2010) found that decreased clearance of α-syn correlated with its presence as monomer and oligomers in defective mitochondria.
Therefore, we propose a model for activation of calpain may contribute to the observed significant neurotoxicity in a sequential manner by inhibition of autophagic clearance pathways, leading to an increase in insoluble α-syn, which in turn results in CT α-syn, promoting additional oligomerization, mitochondrial translocalization and damage, culminating in cell-death (Fig. 9) .
Conclusion
Previous studies have highlighted the adverse effect of calpain on α-syn aggregation and its strong presence in core of lB formations [67] , suggest a possible role as "seed" of protein aggregation. Our findings provide a direct link between high calpain activation, accumulation of insoluble full-length and CT α-syn and its conversion into oligomeric structures as part of a synergistic effect between α-syn and environmental toxins that may underlie the selective vulnerability of DAergic neurons.
In light that there is yet no effective drug therapy for PD, alternative approaches, such as stem cell or trophic factor gene therapy, are of increasing interest [42, 47] . The effectiveness of these therapies, however, depends on whether of PD is initiated by a cellular dysfunction of multiple brain regions in parallel or in sequence. DA itself is one of the most potent inducers of α-syn oligomerization [10] , and nigral celldeath [63] . Thus, if olfactory α-synucleinopathy is one of the brain regions that regulate striatal DAergic activity throughout a functional network, interfering with its expression level may halt the progressive nature of the disease. Since α-syn was shown to form pathological aggregates that spread perhaps through dysfunctional synapses [95] , it will be interesting to assess the effects of nigral human α-syn overexpression under condition of endogenously elevated DA level.
